Polystyrene supported substituted prolinamide was used as catalyst in the aldol reaction between cyclohexanone or acetone and several substituted benzaldehydes in chloroform/water. This catalyst afforded aldol products in high yields and stereoselectivities, especially in the case of reactions performed with acetone. The catalyst was easily recovered by filtration and reused, after regeneration with formic acid, up to 22 times.
Introduction
Organocatalysis has received great attention in the last years.
1 Organocatalysts are metal-free organic compounds of relatively low molecular weight and simple structure capable of promoting a reaction in substoichiometric amount. At the same time immobilization and recycling of organocatalysts has experenced a very good growth. 2 Indeed, organocatalysts are usually used in substantial amount, in some cases up to 30 mol%. This is the main reason for the need of an efficient immobilization and recycling procedure. Moreover, immobilization of an organocatalyst may enhance its activity and stereoselectivity. Three different general approaches can be summarized for organocatalysts immobilization. Organocatalysts may be covalently supported: in this case organocatalysts have been covalently anchored to a soluble 3 or insoluble 4 support. Organocatalysts may be non-covalently supported: in this case several supports have been used in which the organocatalyst has been immobilized by using different techniques, adsorption, 5 dissolution, 6 inclusion 7 or linked by electrostatic interactions. 8 Finally, biphasic catalysts can be used: in this case organocatalysts have been dissolved into ionic liquids and the product extracted using an immiscible solvent. 9 Also, ionic liquid-anchored organocatalysts have been employed. 10 Recently, paramount interest has been devoted to L-proline. 11 Such amino acid can be regarded as the simplest "enzyme" and, in addition to Hajos-Parrish-Eder-Sauer-Wiechert reaction 12 and aldol reaction, 13 it has been successfully applied to many other reactions. 14 In addition to L-proline, many its derivatives, such as substituted prolinamides or pyrrolidines, have been investigated as useful organocatalysts in order to reach higher activities and stereoselectivities. 14 Synthesis of L-proline derivatives has also allowed new experimental procedures such as reaction performed in the presence of water. 15 This approach has given higher stereoselectivities compared to the reactions carried out in organic solvents. A drawback of proline immobilization could be its high cost compared to the native proline. However, immobilization of proline has given, in some cases, catalysts which have shown higher stereoselectivities. 4a,16 Moreover, immobilization of more expensive organocatalysts, and hence their recovery and re-use, could be of higher value, from an economical point of view, so increasing the greenness of the process. Several substituted prolinamides have been reported as useful catalysts for the aldol reaction both in organic solvents 17 and in aqueous conditions. 18 Among the examples reported in the literature, catalysts 1 and 2 have given aldol products in excellent enantio-and diastereoselectivity. In recent years we have been involved in researches aimed to the synthesis and application of recoverable supported proline catalysts. 4a,16a,19 More recently, we devoted our efforts to the synthesis of 3, an immobilized version of catalyst 1. 20 Here, we report the immobilization procedure for catalyst 2, in order to demonstrate the wide applicability of our anchoring strategy as well as to test the activity, recoverability and reusability of the catalytic material 4.
As first step, we prepared catalyst 4 starting from compound 5, which was easily obtained from 4-vinyl-benzylchloride and 4-hydroxy-N-Boc-proline. 16a The carboxylic group of acid 5 was converted into the corresponding amide 7 in good yield by reaction with amino alcohol 6 in the presence of ethylchloroformate. Immobilization was achieved by radical reaction, in the presence of AIBN in refluxing toluene, between amide 7 and a mercaptomethyl cross-linked polystyrene (1% cross-linked with DVB, spherical beads, particle size 100-200 mesh, 2.5 mmol/g loading).
Finally, the obtained material was treated with formic acid in order to remove the Boc group to afford the expected catalytic material 4 (prolinamide loading ca. 0.324 mmol/g as determined by weight gain). We started our investigation using resin 4 in the aldol reaction between acetone and several substituted benzaldehydes (table 1) . As a first approach we employed 4-nitro-benzaldehyde. Following our previous results, 20 we used a water/chloroform mixture as reaction medium.
Indeed, resin 4 has a very low surface area (<10 m 2 /g), so the above solvent mixture takes advantage of the good swelling properties of chloroform and the ability of water of forming a concentrated organic phase. Reaction gave the aldol product in high yield and excellent enantioselectivity (table 1, entry 1). Resin 4 was recovered by filtration and reused in the next cycle. A dramatic drop in activity was observed (table 1, entry 2). The low activity of used resin 4 was ascribed to the formation of the corresponding imidazolidinone (Scheme 4). In order to regenerate resin 4 a treatment with formic acid was carried out. A new cycle was then carried out using again 4-nitro-benzaldehyde (table 1, entry 3). Remarkably, activity and enantioselectivity were restored. In the next cycle a different aldehyde was used, good yield and excellent enantioselectivity were obtained. We reasoned that yields may be increased if a good contact between resin 4 and reagents is realized. To do this, the amount of water was increased. Good to excellent yields were obtained. Yields were lower when less reactive aldehydes were employed. Enantioselectivities were good and in some cases high. Moreover, it is worthy to note that these reactions were carried out using the same recovered and regenerated catalyst. In the case of 2-naphthaldehyde (table 1, entry 15) we found a low conversion. In order to test if this result should be ascribed to a diminished activity of resin 4, we repeated the reaction of the first cycle. We found that catalyst 4 was still working with the same efficiency after 16 cycles. Then we used the same catalyst in the reaction between cyclohexanone and several substituted benzaldehydes (table 2) . We found excellent results except in the case of 4-CF 3 and 3-NO 2 -benzaldehydes which gave lower e.e. values. A comparison with the results obtained using catalyst 3 20 showed that catalyst 4 gave comparable or slightly less good stereoselectivity, however it should be reminded that resin 4 was used up to 22 cycles. In conclusion we have developed a highly recoverable and regenerable supported organocatalyst for the aldol reaction between ketones and substituted benzaldehydes. Remarkably, our catalytic system showed high stereoselectivities at room temperature while prolinamide 2 was used at -5 or -10 °C.
18b As observed under homogeneous conditions for catalysts 1 and 2, also resins 3 and 4 gave aldol products having the same configuration. Further efforts will be devoted in the future in order to prepare more active and reusable organocatalysts.
Experimental Section
General Procedures. NMR spectra were recorded with a Bruker 300 MHz spectrometer in CDCl 3 as solvent. Solid-state 1 H MAS NMR spectra were recorded with a Bruker AV 400, 400
MHz spectrometer with samples packed in zirconia rotors spinning at 5 kHz. FTIR spectra were recorded with a Shimadzu FTIR 8300 infrared spectrophotometer. Carbon and nitrogen contents were determined by combustion analysis in a Fisons EA 1108 elemental analyzer. Optical rotations were measured in chloroform with a Jasco P1010 polarimeter. Chiral HPLC analyses were performed with a Shimadzu LC-10AD apparatus equipped with a SPD-M10A UV detector and Daicel columns (OD-H, AD-H, AS-H, 4.6 mm x 250 mm) with hexane/isopropyl alcohol as eluent. Aldol products are known compounds and showed spectroscopic and analytical data in agreement with their structures. 20 Anti/syn ratio were determined by 1 H NMR spectra of the crude reaction mixtures. E.e. values were determined by HPLC chromatograms of the crude reaction mixtures.
(2S,4R)-1-(tert-Butoxycarbonyl)-2-((S)-1-i-butyl-2-hydroxy-2,2-diphenylethyl)-4-(4-vinyl benzyloxy) pyrrolidine-2-carboxamide (7)
. Triethylamine (344 µL, 2.44 mmol) was slowly added to a solution of acid 5 (0.85 g, 2.44 mmol) in CH 2 Cl 2 (9 mL) at 0 °C. Ethyl chloroformate (238 µL, 2.44 mmol) was added dropwise and the solution was stirred at the same temperature for 15 minutes. Then, amino alcohol 6 (0.578 g, 2.10 mmol) was added and the resulting solution was stirred for 5 h. The solution was diluted with some CH 2 Cl 2 . After filtration, the solvent was removed under reduced pressure and the residue was purified by column chromatography (petroleum ether/ethyl acetate 5/1-2/1 Polystyrene-supported L-prolinamide (4) Mercaptomethyl polystyrene (180 mg, 0.447 mmol) was added to a degassed solution of compound 7 (0.804 g, 1.34 mmol) and AIBN (5 mg, 0.027 mmol) in toluene (13 mL). The mixture was stirred at 110 °C overnight under argon. After cooling to r.t. the resin was filtered and washed with dichloromethane. A yellow resin was obtained (255 mg). From the weight increase it was calculated that 0.125 mmol of monomer has been covalently attached to the resin. The dichloromethane solution was evaporated under reduced pressure in order to recover the unreacted prolinamide 7 which was then purified by column chromatography (recovery 90%). The resin was suspended in HCOOH (1 mL) and stirred for 20 h. After this time, water was added and the mixture was filtered. The resin was washed with a saturated solution of NaHCO 3 , water, methanol and diethyl ether. The resin was dried in oven at 60 °C for several minutes (247 mg). The weight difference corresponds to the amount of Boc removed, which is identical to the amount of available proline (0.08 mmol/0.247g = 0.324 mmol g
.
Typical procedure for aldol reaction Catalyst 4 was added (0.05 mmol) to a mixture of the corresponding aldehyde (0.5 mmol) and ketone (2.5 mmol) in distilled water (0.10 mL) and chloroform (0.20 mL) and the reaction mixture was stirred at r.t. The reaction mixture was filtered, the catalyst was washed thoroughly with methanol, ethyl acetate and diethyl ether. The organic layers were collected and, after evaporation of solvent, the crude product was checked by 1 H NMR spectroscopy and HPLC, and was then purified by chromatography (petroleum ether/ethyl acetate).
Procedure for catalyst regeneration
The recovered catalyst was placed in a round bottom flask and HCOOH was added (usually 200 µL for 100 mg of catalyst). The mixture was agitated for 2.5 h, then filtered and washed with water, aqueous NaHCO 3 , water, MeOH and diethyl ether. Finally, it was dried for a few minutes at 60 °C.
